Review of Lu et al.
The goal of promoting regeneration of CNS fibers has baffled and excited neuroscientists for decades. Recent advances demonstrate the feasibility of promoting regeneration of single-fiber tracts by stimulating a growth response within neurons, altering the normally nonpermissive CNS environment, providing a favorable growth substrate to bridge the injury site, and/or producing a growth-promoting gradient (Alto et al., 2009; Kadoya et al., 2009; Sun et al., 2011) . One contentious aspect in the field, however, is whether regeneration of damaged fibers is sufficient to restore function after CNS injury. Work by Lu and colleagues (2012) published in a recent issue of The Journal of Neuroscience yields evidence to suggest that more will be required to restore function after injury than simply promoting the regeneration of a given spinal tract. Lu et al. (2012) used a rat lateral midcervical hemisection model and demonstrated that a combinatorial treatment strategy resulted in motor axon regeneration. This combinatorial strategy included administration of the cell-permeable dibutyryl cAMP in brainstem reticular motor nuclei, bone marrow stromal cell grafts in the lesion site, and brain-derived neurotrophic factor (BDNF) gradients beyond the lesion site. Despite the fact that this treatment promoted axonal regeneration in this group, all motor outcomes worsened, as assessed with grid walking, grooming, and gait analysis.
To remove the contribution of the intact reticulospinal tract, which is spared following lateral hemisection, Lu et al. (2012) also tested their optimal full combinatorial treatment in a rat upper thoracic full-transection model. Because the majority of motor assessments are inappropriate to use in fulltransection models, Lu et al. (2012) used open-field locomotion, assessed with a Beattie-Basso-Bresnahan (BBB) score. They demonstrated that BBB motor outcomes improved in animals receiving the same combinatorial treatment as used in the hemisection model. However, resection of regenerated fibers following full transection did not abolish gained function, suggesting that the regeneration observed was not responsible for the improvement in motor function.
One possible explanation for why resection did not abolish function is that the treatment resulted in hyperexcitability of spinal circuitry. The authors explored this possibility by using a five-point spasticity scale in response to a standardized stretch/ rub maneuver and found that BDNF treatment below the transection site was associated with heightened spasticity. Thus, the combined therapeutic strategy promoted regeneration in both lesion models and was associated with either worsened motor function or enhanced spasticity.
What else, besides axonal regeneration, might be required to restore motor function? Lu et al. (2012) investigated and ruled out several possibilities. First, a sufficient number of axons must regrow. Lu and colleagues (2012) reported that ϳ400 bridging axons regenerated 500 m caudal to the graft. This might be sufficient to improve motor function, because the regeneration and reentry of ϳ300 axons across a peripheral nerve bridge increase forelimb range of motion after a cervical hemisection (Houle et al., 2006) . Second, regenerative fibers might require remyelination to sustain axonal conduction and thus restore function, given that demyelination can block the conduction of action potentials (Waxman, 1977) as a result of both the paucity of sodium channels on the axolemma of the demyelinated internode and the high number of potassium channels in the adjacent juxtaparanode (Waxman, 2006) . Lu and colleagues (2012) demonstrated that 81% of regenerated fibers in the white matter were surrounded by myelin proteins such as myelin basic protein and myelin oligodendrocyte glycoprotein, suggesting that these regenerated fibers were indeed remyelinated. Third, axons must make functional and stable synapses to mediate synaptic transmission and reestablish function. Using confocal and electron microscopy, Lu et al. (2012) found that regenerated axons associated with synaptic markers and displayed structural characteristics of synapse formation. One major limitation of these techniques, however, is that it is not possible to determine whether these synaptic structures are functional. Electrophysiological techniques, routinely used to assess synaptic activity (Ramer et al., 2000; Bonner et al., 2011) would have been a superior assay of functional synapse formation. Previous findings suggest that the regeneration of dorsal column axons, for example, fails to produce a detectable electrophysiological response in the presence of readily detected synapses (Alto et al., 2009 ). With such available techniques, it would be possible to validate the structural findings in the full transection model.
It is important to note that even if some axon tracts make appropriate functional synapses with their normal targets, all functions will not necessarily recover; the appropriate tracts must regenerate. As previously mentioned, Lu and colleagues (2012) found that the regeneration of reticulospinal fibers was not associated with improvement in forelimb function in the hemisection model, as assessed by a gridwalking task or a grooming test. However, the hemisection model also severs rubrospinal and corticospinal tracts that control paw and forelimb use in arpeggio and grasping (Whishaw et al., 1998) . The combinatorial strategy targeted regeneration only of the reticulospinal tract; corticospinal and rubrospinal regeneration were not assessed. While the authors used several appropriate behavioral tests that assess a range of functions for this injury model, it is possible that regeneration of the reticulospinal tract alone may not be sufficient to restore forelimb functions. It would be important, looking forward, to determine whether there is greater potential for certain motor tracts to mediate functional recovery by using combinatorial strategies to promote the growth of other motor tracts.
In testing regenerative therapies, strategies designed to improve motor function can also promote the plasticity of unintended targets, with potentially harmful consequences. The resultant combination treatment-induced increase in spasticity could potentially mask the beneficial effects of axonal regeneration. Spasticity might have resulted from BDNF expression, both as a result of the injury itself, and from the combinatorial treatment, which included BDNF-expressing cell grafts in the lesion site and BDNF gradients beyond the lesion site. One mechanistic candidate relating BDNF and spasticity is the expression of the potassium-chloride cotransporter-2 (KCC2) in ventral horn motor neurons. Normally, KCC2 regulates chloride gradients by keeping the intracellular concentrations of chloride ions low. Spinal cord injury (SCI) results in a BDNFdependent downregulation of KCC2, which results in a more positive equilibrium potential of chloride (Boulenguez et al., 2010) . This converts the inhibitory effect of GABA to an excitatory one, thus increasing motor neuron activity and enhancing spasticity.
The beneficial effects of axonal regeneration may have also been masked by neuropathic pain. It has been demonstrated that peripheral nerve injury stimulates BDNF release from microglia, which induces downregulation of KCC2 in spinal lamina I neurons, resulting in mechanical allodynia (Coull et al., 2005) . As intrathecal delivery of BDNF is also sufficient to induce tactile allodynia (Coull et al., 2005) , the BDNF gradients beyond the lesion site are predicted to produce symptoms of neuropathic pain. It may have therefore been telling for Lu et al. (2012) to examine pain behavior in addition to motor functions and spasticity in their animal model. From a clinical perspective, relieving pain is a high priority in individuals with SCI, and is frequently overlooked in outcome assessments for regenerative treatment strategies.
Overall, Lu et al. (2012) provide an important contribution to the field of neuroscience in demonstrating axonal regeneration following partial and complete cord transection. Perhaps surprisingly, this regeneration of a descending motor tract is not associated with improvements in motor function, highlighting the complexity of axonal regeneration and how it relates to restoring motor function. Given that there are no current therapeutic interventions for treatment of SCI, there is an exigent need to further investigate regenerative therapies and assess how regeneration relates to functional recovery.
